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HIGHLIGHTS 


► Infrared detectors operating in the mid and long-infrared suffer from weak light-matter interaction. 

^ We developed optical antenna that enhance light-matter interaction, leading to enhanced responsivity and detectivity. 
^ We demonstrated long-IR detectors that show enhanced light-matter interaction experimentally. 

^ The measured performance shows good agreement to our 3D numerical modeling results. 

► We have also demonstrated other IR devices that benefit from optical antenna with significant enhancements. 
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The advent of nanophotonics allows devising and fabricating optical antenna as the advanced optical 
structures that can enhance light-matter interaction in quantum structures such as quantum wells. 
Improving infrared photodetector performance is discussed theoretically in this paper. We also investi¬ 
gate our recent demonstration of optical antenna integrated on quantum well infrared photodetector 
which improves the performance of the detector as can be evidence in responsivity of the detector. 

© 2012 Elsevier B.V. All rights reserved. 


1. Introduction 

Infrared (IR) detection is an important field of research with a 
broad range of applications such as (bio) molecular and chemical 
sensing [1-4], astronomy [5-7], night vision [8] and short range 
communication [9]. IR imagers have been subjected to heavy re¬ 
search within last decade in order to improve their operational 
parameters such as temperature stability [10,11], specific detectiv¬ 
ity (D*) [12,13] and quantum efficiency (QE) [14]. Specific detectiv¬ 
ity is an important figure of merit to analyze and compare 
normalized signal to noise performance of IR detectors [15]. Since 
specific detectivity is directly proportional to the ratio of QE to 
dark current, it can be optimized by increasing QE and decreasing 
dark current. QE is directly related to how strongly infrared light 
interacts with the electronic states of the detecting region of the 
device. Devising advanced photonic structure at the vicinity of 
the quantum structure can increase light-matter interaction [16- 
23]. Dark current in the device can be controlled by enhancing 
the design of heterostructure [24,25], quality of device fabrication 
[26-28]. Unfortunately improving imperfections due to material 
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quality beyond what is achievable today is very challenging and 
time consuming process. This is partly due to lack of accurate mod¬ 
els describing the growth process, and hence limited ability to pre¬ 
dict how to change the many parameters involved in the crystal 
growth. Reducing device size as an additional step is a promising 
technique to decrease noise current [19], while it is traditionally 
limited by the diffraction limit - which is rather large for mid 
and long wavelength regions. 

In this paper, we show how nanophotonic structure can im¬ 
prove quantum efficiency and reduce dark current of IR photode¬ 
tectors beyond the current state-of-the-art. While conventional 
photonic structures are known for controlling and enhancing 
detectivity by focusing and trapping light at detection site of the 
device [21-23], they suffer from fundamental diffraction limit 
[29] which restrict their functionality to improve IR detectors. 
However, nanophotonics as a new branch of photonics with the 
capability of compressing light into deep subwavelength regions 
[30,31] is a promising approach to enhance light-matter interac¬ 
tion [32-34]. Optical antenna as a nanophotonic structure can con¬ 
vert far field detected light into near field optical mode by means of 
surface plasmon polariton (SPP) [35]. SPP is an optical mode at the 
interface of metal and dielectric which is coupled with free elec¬ 
trons on the metal side [30]. Far field to near field conversion by 
















A. Bonakdar, H. Mohseni/Infrared Physics Of Technology 59 (2013) 142-145 


143 


optical antenna can significantly improve device performance as 
the detecting site of the device is within the near field region. 

This paper is organized as follows: (1) we present a theoretical 
framework in order to explain the effect of optical antenna to en¬ 
hance the quantum efficiency and reducing dark current. (2) Sim¬ 
ulation and experimental results of a surface plasmon enhanced 
quantum well infrared photodetector (QWIP) is presented and dis¬ 
cussed. Metallic nanohole array is used as the optical antenna 
which can couple far field IR light into near field intense light in 
the vicinity of detecting region of QWIP. (3) We conclude and sum¬ 
marize the benefits of optical antenna for improving the perfor¬ 
mance of IR detectors. 

2. Theoretical framework 

Infrared light is detected and converted to electric signal when 
an electron in a quantum structure absorbs photon and contributes 
to the electric current. As a result of light absorption, electron tran¬ 
sits from an initial state to a final state with their energy difference 
are equal to the photon energy. Beside energy conservation, the 
overall momentum should be also conserved. Fig. 1 shows sche¬ 
matically the dispersion diagram of different particles. Since, pho¬ 
ton cannot provide momentum difference between initial and final 
electronic states; only band edge absorption - in direct gap mate¬ 
rial - is significant where electronic states have small momentum. 
However, momentum of SPP as a result of photon - free electron 
coupling is much larger than the initial photon [30]. Thus, the 
interaction of SPP and electronic states in the quantum structure 
of the detector can be much more efficient. 

Since SPP has larger momentum (smaller wavelength) com¬ 
pared with photon, it can squeeze and compress light into sub 
wavelength scale. Based on Fourier optics, the ability to confine 
light into a nanoscale region comes from the fact that SPP wave 
packet composed of high wave vector to shaping SPP mode in 
nanoscale regions [36]. As a result of such compressing, electric 
field of EM wave is enhanced and the overlap integral between 
electron wave function and optical mode increases [34,37]. 
Squeezing optical mode into subwavelength scale has profound ef¬ 
fects for detectors with subwavelength scale of dimensions as elec¬ 
tronic states are limited to very tiny space and the overlap function 
of optical mode and electronic states cannot be significant. How¬ 
ever, optical antenna can elaborate the mode shape of SPP to in¬ 
crease the overlap of optical energy and electronic states to 
increase the light absorption at detection site. In general, confining 
light along the dimension in which, electronic states are confined 
can effectively increase the optical absorption. For example, elec¬ 
tronic states are confined along the growth direction of quantum 



Fig. 1 . Comparing momentum of different particles. Dispersion diagram of different 
particles with their relative wavevectors. The electronic transition is also shown 
along the parabolic dispersion of electron in a semiconductor. 


wells of quantum well infrared photodetectors (QWIP). Squeezing 
light along the same direction can enhance optical absorption and 
consequently the performance of QWIP as will be discussed in 
more details in the next section. 

Based on Fermi golden rule, linear optical absorption is directly 
related to electric field intensity and overlap integral between opti¬ 
cal mode and electronic states [38]: 

271 n 

R A bs = T mnt\i) 2 d(.E f -E i -h m ) 

with interaction operator H int = • p where F and p are electric 

vector of EM wave and electron momentum, respectively. Thus, SPP 
can enhance light absorption and subsequently QE by confining 
light into subwavelength active region of IR detector. Higher QE re¬ 
sults in higher current responsivity as R t = ^rj where p is QE and 2 
is free space optical wavelength. Since, optical antenna can couple 
far field light with small momentum into near field optical mode 
with large momentum and intense intensity [35], it can increase 
the rate of light absorption. 

Light confinement has another importance consequence: 
shrinking device size in order to reduce noise current. The level 
of noise current highly depends on the quality of fabrication [27]. 
However, there is a fundamental limit in noise level reduction 
coming from quantum nature of electronic signal [15]. As a result, 
the only way to reduce noise current further is to reducing device 
size. In conventional photonic devices, reduction in device size re¬ 
sults in degradation of QE specifically beyond diffraction limit. 
However, nanophotonics has the capability to squeeze light and re¬ 
duce device size without affecting detector’s performance with a 
moderate loss. 

Specific detectivity is defined as the ratio of current responsivity 
to noise power: D* = Riy ^ Af where (i„) is noise power, and A and A f 
are detector area and bandwidth. Optical antenna can address both 
enhancing current responsivity and noise reduction and as a result, 
enhancing specific detectivity of the device. 

This idea could be viewed within the traditional microwave the¬ 
ory. Since impedance of an electric dipole is very different from the 
vacuum impedance, far field IR power cannot efficiently reach to 
electric dipole. Based on electric circuit theory, the maximum 
power reaches to the load is half the power of feeder with the 
impedance matching condition in which the load impedance 
should be equal to feed impedance. Based on nanocircuit theory, 
optical antenna can be modeled as an adjustable impedance to 
compensate the mismatch between load and vacuum impedance 
[35]. 


3. Simulation and experimental results 

In this section we discuss our recent research on incorporating 
optical antenna/coupler with QWIP [19]. QWIP detector has re¬ 
sponse at 8 pm so FDTD simulation is used to design an optical an¬ 
tenna with the response matches to QWIP resonant response. The 



Fig. 2. Structure used to simulate the response of optical antenna on top of QWIP. 
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Fig. 3. Simulation results for optimization. The average Ez-intensity enhancement spectrum (a) for different period of hole array and (b) different hole radius 


schematic of optical antenna used in simulation is shown in Fig. 2. 
It is composed of nanohole array perforated on a gold thin film on 
top of the QWIP. We used commercial FDTD software to simulate 
the response of optical antenna by exciting the system using IR 
broadband plane wave source with linear polarization. Assuming 
periodic boundary conditions for lateral directions (x and y) and 
perfect matched layer (PML) for perpendicular direction (z), simu¬ 
lations are performed by using nonuniform mesh technique to re¬ 
duce computational load and increase accuracy. 

Although QWIP is composed of many layers with different 
refractive indices, we assume index of 3 for whole QWIP structure. 
Such an approximation is valid since the difference of refractive in¬ 
dex is less than 10 percent along different layers. Nanohole array 
can provide extra momentum to excite surface plasmon at the 
gold/air and gold/QWIP interfaces. Surface plasmon resonant 
wavelength is highly dependent on the periodicity of nanohole ar¬ 
ray. In order to optimize the structure, we performed a series of 
simulations by sweeping over period of nanohole array. Since elec¬ 
tric field with polarization along the growth direction (z direction 


in simulation) can be absorbed by QWIP, the electric field along z 
direction is averaged over QWIP detecting volume and divided by 
the averaged electric field intensity of QWIP without any SPP cou¬ 
pler. The resulted quantity shows the enhancement of the electric 
field upon using optical antenna. As shown in Fig. 3a, the electric 
field intensity along z direction depends on the periodicity of the 
nanohole array. By optimizing the structure, more than 15 times 
enhancement can be achieved as shown in Fig. 3b where the 
enhancement spectrum for different hole’s radius is simulated. 

In experiment, optical antenna is fabricated on QWIP by depos¬ 
iting thin film of gold (50 nm) on the surface of the detector using 
e-beam evaporator. Nanoholes are fabricated on the metal using 
focus ion beam milling (FIB). Fig. 4a and b are SEM images of the 
device after processing. Using Fourier transform infrared spectros¬ 
copy, we measured the spectrum response of our plasmonic en¬ 
hanced QWIP. Experimental and simulation results well match as 
shown in Fig. 4c. The achieved responsivity for the specific QWIP 
thickness (500 nm) in our experiment is much higher compared 
with the case without using optical antenna. The reason can be ex- 


(a) 

1 

(b) 


50 pm 


Slim 



Fig. 4. Simulation and experimental results (a and b) SEM images of plasmonic enhanced QWIP structure (top view), (c) Ez intensity profile under the holes array. Circular 
rings are showing the position of the holes, (d) The vertical view of Ez intensity profile which shows the position of QWIP too. (e) The measured responsivity and detectivity of 
the device. Simulation and experimental results are well matched. 
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plained by inspecting Fig. 4d and e as they show simulated Ez 
intensity profile in the lateral direction beneath the metal layer 
and perpendicular direction, respectively. 

4. conclusions 

In conclusion, we discussed the theoretical reasons of enhance¬ 
ment of light absorption as a result of utilizing optical antenna. We 
experimentally showed that optical antenna can improve the per¬ 
formance of QWIP as demonstrated in responsivity of the detector. 
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